Objectives: The function of the dental pulp is closely connected to the extracellular matrix (ECM) structure, and ECM has received significant attention due to its biological functions for regulating cells. As such, the interaction between the ECM niche and cells is worth exploring for potential clinical uses.
and consistency for dental pulp, 3 which maintains mature dental pulp tissue from abnormal mineralization. 4 However, when the dental pulp micro-environment is invaded by trauma, bacteria or bacterial metabolites, the repair of dental pulp may lead to local or total calcification in the pulp tissue rather than in the original connective tissue. Therefore, the homeostasis of dental pulp tissue is tightly related to the ECM, and it is important to construct a proper ECM micro-environment when the pulp tissue requires therapy.
Various natural and synthetic material scaffolds were used to simulate the ECM of dental pulp tissue, and in vitro experiments have suggested that these materials facilitated good odontogenesis. Collagen type I, as the main component of natural dental pulp ECM, is the most widely used scaffold material for dental pulp regeneration. The degradation rate of collagen is uncontrollable, and the reconstruction of collagen fibres in regenerated tissue is limited. 5 The disordered regenerated collagen fibres in dental pulp tissue may lead to abnormal mineralization. Additionally, the regenerated pulp tissue with platelet rich plasma in the root canal showed characteristics of periodontal tissue. 6 Therefore, the micro-environment of the materials determine the mineralization ability of dental pulp tissue and the long-term sustainability of the regenerated tissue. Therefore, compared to the improved odontogenesis ability of seeded cells, it is more important to maintain the integrity of a regenerated ECM niche.
The natural dental pulp ECM maintains structural integrity of the tissue and decides the fate of the cells 7 as well as plays an essential role in tissue growth, remodelling and maintenance. 8 Therefore, a dental pulp tissue-derived ECM may be a better choice to imitate the natural micro-environment and help repair and regenerate tissue. The detergent solution treatment is the regular method for obtaining natural tissue ECM. Human dental pulp, however, has an anatomy structure that may be difficult to be standardized. Therefore, a dental pulp stem cell (DPSC)-derived ECM was harvested from cell culture using ascorbic acid. Unlike decellularized tooth germ tissue, dental pulp matrix (DPM) does not have the structure of blood and lymphatic vessels or the polarized distribution of an odontoblast layer.
In this study, ECM-based cultured DPSCs were evaluated for dental pulp regeneration. DPM was utilized to imitate the original dental pulp niche, which was compared to a conventional polystyrene culture surface. To the best of our knowledge, the study of tissue-engineered dental pulp has been investigated using biomaterials, but the native ECM niche interaction has yet to be evaluated. The change in mineralization behaviour of DPSCs in their native niche was performed for the first time, and this cell-derived ECM model may be useful for clinical applications.
| MATERIALS AND METHODS

| Animals model
In this study, nude mice were obtained from the Animal Research
Centre of Sichuan University. The human dentin and dental pulp tissue were acquired from healthy patients whose premolars were extracted for orthodontic treatment at the West China Hospital of Stomatology, Sichuan University. All the treatments and the study protocol complied with the committee regulations of the Ethics Committee of the Sichuan University. Informed consent was obtained from the participants according to the approved guidelines.
| Cell culture and identification
The premolars were collected from patients (n=10, 12-16 years of age) with written consent signed by the patients' parents during orthodontic treatment in the West China Stomatology Hospital. The method to isolate and culture human DPSCs was described previously. 9 The dental pulp tissue was cut to approximately 1 mm 3 under aseptic conditions and digested with 3 mg/mL collagenase type I 
| Multipotential differentiation of DPSCs
A total of 1×10 5 DPSCs were seeded onto each well of a six-well plate.
The control group was cultured in α-MEM with 10% FBS. At 70% confluence, the cells were changed into osteogenic medium containing were stained and examined under a fluorescence microscope (Nikon).
| Preparation of dishes coated with DPM
DAPI (Sigma) was also used to examine the localization of DNA.
| Scanning electron microscopy for DPM
A scanning electron microscope (SEM) (FEI-QUANTA 200F, Eindhoven, the Netherlands) was used to visualize the surface morphology of DPM. The DPMs were dehydrated and sputter-coated with gold for visualization (JEOL JFC-1200 Fine Coater, Tokyo, Japan). 13 Additionally, the DPM fibre diameters were characterized.
Briefly, the SEM images of the DPMs were converted to 8-bit JPG files. Then, these images were captured by nano measure to measure the fibre diameters. Ten sites were collected at every image, and the test was repeated three times.
| DPSCs cultivated on the DPM
The mineralization behaviour change on DPM was also evaluated under 10% FBS α-MEM and cultivation. The DPSCs were trypsinized and seeded at 2×10 4 cells/cm 2 on both a plastic culture surface (DPSCs group) and DPM (DPSCs+DPM group), and the samples were harvested on days 4 and 7, followed by a Western blot analysis to identify the influence of the matrix-coated culture.
| Flow cytometric analysis for cell cycle
After culture, the cells were harvested when they reached 60%
confluence. The cell pellet was fixed with cold 70% alcohol at 4°C
for 48 hour. The cells were stained with 100 mg/mL propidium iodide (Sigma) and a 10 μg/mL RNAse (Takara, Dalian) cocktail at 4°C
for 30 minutes. The experiment was repeated at least three times.
The flow cytometry was carried out using the Guava easyCyte (Millipore).
| Cell proliferation analysis with CCK-8
The cell Counting Kit-8 (CCK-8) assay (Donjindo, Tabaru, Kumamoto, Japan) was used to evaluate the influence of the DPM on DPSC proliferation. The DPSCs were seeded on a plastic culture surface (DPSCs group) and DPM (DPSCs+DPM group), and both groups were cultured with α-MEM with 10% FBS from day 1 to day 6. Each sample was added to one well of a 24-well plate at a density of 3000 cells per well. All procedures were performed according to the manufacturer's recommendations.
| DPSCs cultivated under the dentin matrix liquid extract
Dentin matrix liquid extracts (De) provide the odontogenesis proteins, which contained Collagen-I, DSP, TGF-b1, DMP1, biglycan and decorin. 10, 14 These factors not only play important roles in differentiation into odontoblasts but also help form dentin tissues as well as induce DPSCs proliferation. 15 Therefore, the extract was synthesized according to the previous study 14 and used for an odontogenic con- 
| Real-time PCR analysis
Real-time PCR was used to investigate the changes in DPSCs under
De. RNA from all the groups was extracted by RNAiso Plus (TaKaRa, Dalian, China). The cDNA was obtained using theμ RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Lithuania). We added 1 μL of a cDNA template, which was diluted 5-fold with SYBR Green to real-time PCR analysis expression of the genes: DSPP, DMP1, MEPE, COL-I, ALP, Sp7 and GAPDH were evaluated. The cycling conditions were as follows: 95°C for 10 minutes, 45 cycles at 95°C
(15 seconds each), and 60°C for 1 minutes. All data were analysed using the 2−ΔΔCt method. The assays were repeated three times. The primer sequences for analysed genes were listed in Table 1 .
| Western blot
All Western blot analyses were conducted according to the manufac- 
| Mineralization-related marker change under DPM in vivo
To observe the DPM-modified DPSC in vivo, the DPSCs (DPSCs group) and DPM-modified DPSCs (DPM group) were mixed with collagen gel and injected into the dermal layer of nude mice. Rat tail collagen-I (Corning, Corning, NY, USA) was neutralized with 1 mol/L NaOH and 10x MEM (Sigma) at 3 mg/mL on ice. The cells were immersed in the collagen gel at 10 7 cell/mL on ice. The collagen mixture was ready on ice, and the 200 μL mixture was injected into the dermal layer of nude mice. Each group was repeated three times. The samples were harvested after a 2-month subcutaneous implantation.
| Evaluation of the DPM-modified DPSCs in the dentin segments in vivo
The dental pulp tissue regeneration within the dentin segment was also investigated. The human mandibular premolar with a single root canal was used for implantation, which was removed from a healthy patient for prosthodontic treatment. A 7 mm dentin segment was separated from the crown, and the cementum was removed. The root canal was prepared with a 70# file, and a 0.7 mm apical foramen was prepared. Then, all the segments went to radiation sterilization at 25 Gy. 16 For the DPSCs group, a total of 1×10 5 DPSCs were directly seeded inside the dentin segments and incubated under the culture medium for 1 day before the implant operation; For the DPSCs+DPM group, 1×10 5 DPSCs were seeded on the DPM and culture for 1 day before the operation. The DPSCs-DPMs was removed from culture surface to dental segments with tweezers 1 day before implantation.
The empty dentin segments were also implanted into nude mice as the blank control group. Then, all dentin segments were implanted into the dorsum of nude mice under deep anaesthesia.
| Histological analysis
Eight weeks later, all samples were gained from the mice under deep anaesthesia. The implants were fixed with 4% paraformaldehyde for 5 hours at 4°C. The whole group was demineralized with 10% EDTA (pH 7.6) at 37°C, and embedded in paraffin. All antibodies and staining procedure were used according to the manufacturers' protocol.
DSP and DMP1 were used to identify whether the newly formed tis- 
| Statistical analysis
All data are expressed as the mean±SD. Statistical significance was analysed using SPSS 11.5 software (SPSS, Chicago, IL, USA). Independent samples were tested using the t test and t′ test, and a value of P<.05 was considered to be statistically significant.
| RESULTS
| Cell culture
Human DPSCs showed a typical spindle shape morphology at the third in vitro passage. DPSCs were positive for the mesen- 
| Histological analyses and gross anatomy of DPM
The fabricated DPM were harvested with an attachment to the culture surface. Immunofluorescence showed that DPMs had regularly arranged fibres and were positive for collagen-I (Col-I), collagen-III (Col-III), laminin, decorin, fibronectin and biglycan. Apparently, DAPI staining showed that the nuclei were removed from DPM ( Figure 2A ).
The orientation of fibres followed the trend of former cells. Prepared
DPMs were visualized using SEM at 300× and 40 000X ( Figure 2B ).
In this study, the average fibre diameters of the DPMs were 130 nm (ranging from 80 -170 nm), while the natural ECMs, which are predominantly composed of intertwined collagen and elastin fibres, ranged from 10 to 300 nm. 
| Proliferate rate change under DPM and regular culture
As shown in the chart ( Figure 3A ), all the wells were seeded with the same amount of cells at day 0, and after one day incubation, the OD F I G U R E 1 Dental pulp stem cells (DPSCs) culture and identify. FCM analysis (A-F) showed that DPSCs were positive for CD105 (58.4%), CD73 (95.0%) and CD90 (98.5%), but negative for CD14 (0.161%), CD34 (0.177%) and CD45 (0.221%). The DPSCs were negative for CK-14 (epithelial cell marker) (G), and positive for vimenten (mesenchymal cell marker) (H). After induction in vitro, DPSCs formed calcium nodules (I) (Yellow arrow) and lipid droplets (J) (Yellow arrows) (n=3) value did not show an obvious change. During the next 3 days, the DPSCs+DPM group showed a slightly higher value than the DPSCs group. On the fourth day, there was a sharp increase in the proliferation rate, and this effect lasted until the end of culture (day 6), which indicated that DPM had a positive effect on cell proliferation of DPSCs.
| Cell cycle analysis with PI staining flow cytometry
To measure the ratio of G 1 /S progression, all the cell samples were harvested at 60% confluence. For cells plated on a plastic culture surface, more cells remained in the G 1 phase (69.51%) ( Figure 3B ) compared to cells plated on DPM (64.36%) ( Figure 3B ). Fewer cells were arrested at the G 1 stage in the DPSCs+DPM group, which indicates that DPM was sufficient to initiate cell cycle progression towards expansion without adding growth factors.
| Cell cycle-related protein analysis
To further illuminate the potential mechanism of DPM-supported high proliferation, cell cycle-related proteins were also analysed ( Figure 3C ).
The relative levels of expression of p21, Cdk4/D1 and Cdk6/D1 may determine the proliferative state of the cell. 19 Cyclin D1 was higher in the DPSCs+DPM group, which was consistent with the high G 1/ S transition rate of the DPM group. p21 showed higher expression in the DPSCs+DPM group as well. The higher p21 expression was presumably required to coordinate and form a stable and active cyclin/ cdk/kp21 complex that allowed for cells to continue negotiate the S-phase. 
| DPSCs' mineral-related marker expression on DPM in vitro
On Day 4, both the DPSCs on the plastic culture surface and DPM were nearly at 100% confluence, but the ECM on the plastic culture could not be accumulated with each other. At day 7, both groups showed double-layer growth at the culture surface, and the ECM was being constructed on its own. The mineralization-related markers DMP1, DSP and Sp7 decreased during DPM cultivation. The DPM culture showed slightly down-regulated expression on day 4 and a more obvious change on day 7. That change indicated that the origin of the ECM and the micro-environment for the cells determines 
| DPSCs' mineral-related marker expression on DPM in vivo
The implanted cells were harvested after a 2-month implantation.
Both groups showed a swirl arrangement with wrapped connective tissue in the collagen implantation model (Figure 5A,B) . When the tissues were collected, obvious mineral tissue was not found under the skin. Both groups were positive for human mitochondria ( Figure 5D ,E), which suggests that the seeded DPSCs had participated. Both groups showed positive DMP1 and DSP expression within the cell cluster.
Compared to the DPSCs group ( Figure 5J -G), the DPSCs+DPM group had lower amounts of DMP1 ( Figure 5H ) and DSP ( Figure 5K ) since the cells had been implanted and were mainly located around the capsule. Positive sites near the collagen capsule area indicated there was induction of osteogenesis for collagen-I in vivo. 22 Natural dental pulp tissue (C), was used for the positive control for mitochondria (F), DMP1 (I) and DSP (L).
| DPSC odontogenic behaviour change on the DPM in liquid dentin extracts
Odontogenic-related markers were compared between the cultures of DPM (DPSCs+DPM+De group) and a regular plastic culture surface (DPSCs+De group) in the liquid dentin matrix extracts (De). Reports on the molecular events of dental injury and reparative dentinogenesis can be simulated by treating DPSC cells with a soluble extract of dentin. 8 After a 7-day induction, differences in genes expression were observed as follows:
Firstly, under the incubation of De, both the DPSCs+DPM+De and DPSCs+De group improved their DSPP ( Figure 6B ) transcription, which indicates that dentin extract could effectively give rise
The mineralization marker change during the culture on the DPM on day 4 and day 7 by western blot. The mineralizationrelated markers, DMP-1, DSP and Sp7 were reduced during the DPM cultivation. The DPM culture showed slightly down-regulated expression on day 4 and a more obvious change on day 7. GAPDH served as an internal control (n=3) Figure 6C ), which was also found in a previous study.
Interestingly, the mineral-regulating gene MEPE ( Figure 6D ) was only down-regulated in the DPSCs+DPM+De incubation group.
Sp7, which is a putative master regulator of bone cell differentiation, showed lower expression in the DPSCs+DPM+De ( Figure 6E with up-regulated DSPP should be considered a marker of DPSC differentiation. 23 MEPE regulates the differentiation and mineralization of hard tissue-related cells, and the expression of MEPE was only observed in immature odontoblasts. 24 MEPE becomes down-regulated when the odontoblasts mature. 25, 26 In this study, MEPE was only down-regulated in the DPSCs+DPM+De group along with a higher expression of DSPP.
F I G U R E 6
The odontogenic influences of DPM on DPSCs in liquid dentin extract (De). In the liquid dentin extract (DPSCs+De group), DPSCs showed up-regulated odontogenic markers, including DMP-1 (A) and DSPP (B) both at the transcript and expression level (G). Meanwhile, early osteogenic markers for ALP were down-regulated (C) in the DPSCs+De group. During cultivation on the DPM with liquid dentin extract (DPSCs+DPM+De group), ALP(C) and SP7 (E) were down-regulated. DSPP (B) up-regulation was accompanied with MEPE (D) down-regulation, which indicated odontoblast differentiation occurred (*P<.05, **P<.01, ***P<.001, NS=none significance) (n=3)
| The dental pulp genesis ability on the DPM
The connective tissue-like tissue was harvested in the DPSCs ( Figure 7A ,B), DPSCs+DPM ( Figure 7C ,D) and blank groups ( Figure 7G,H) . Natural dental pulp ( Figure 7E ,F) was used as control.
In the DPSCs+DPM group, the newly formed tissue had a more ordered fibre arrangement ( Figure 7C ,K) and possessed a more uniform diameter. The direction of the fibril arrangement had similarity to that of natural dental pulp tissue. A few odontoblast-like cells ( Figure 7D ,L, red arrow) were found along the dentin tube side, and collagen fibres are shown in the top of the cells, which indicates there is functional synthesis. In the no-cell (blank) group, the fibrous tissue grew into the root canal, and a few leucocytes could be found among the tissue ( Figure 7H ,P, black arrow). For the DPSCs group, the newly formed dental pulp tissue had blood vessels and plenty of erythrocytes among fibrils. However, the typical odontoblast-like cells were not found in F I G U R E 7 Histological analysis for regenerated dental pulp. There were DPSCs group (A, B), DPSCs+DPM group (C, D), natural dental pulp (E, F), blank group (G, H) with H&E staining. The DPSCs+DPM group (K, L), natural dental pulp (M, N), and blank group (O, P) were also stained with Masson trichrome. Using the staining, the DPSCs+DPM group (red arrow) (L, D) had slighter fibril and a few odontoblast-like cell layers in the regenerated tissue compared to the DPSCs group, which showed similarity to the natural dental pulp (black arrow) (F, N). Additionally, some collagen-rich island and strong staining fibrils (yellow arrow) (B, J) could be found in the DPSC-regenerated dental pulp. In the blank group, the fibrils and some leucocytes were observed in the root canal (green arrow) (H, P). The natural dental pulp tissue served as a positive control for human mitochondria (S). Both the DPSCs (Q) and DPSCs+DPM (R) groups were positive for human mitochondria, and blank group was negative for human mitochondria (T) (n=3) the remolding root canal. The fibres were crossed-arranged in the full pulp tissue with newly constructed dentin walls. Through Masson staining, strong collagen fibres were observed throughout the full dental pulp tissue along the inner wall of the root canal ( Figure 7A,I ).
Additionally, ectopic mineralization as also found in the regenerated dental pulp ( Figure 7B ,J, yellow arrow). The immunohistochemistry with human mitochondria yielded positive results in both DPSCs ( Figure 7Q ) and DPM ( Figure 7R ) modified DPSCs group as well as the natural human tooth ( Figure 7S ), but the results were negative in the blank group ( Figure 7T ), which illustrated that the seed cells succeeded in the regeneration process.
| DISCUSSION
The present study described the characterization of DPSCs under a cell-derived DPM and the contribution of an ECM component to reconstruct dental pulp tissue. DPM preserved the important fibrous portions of ECM, such as collagen-1, collagen-3, fibronectin and laminin, and they shared similarity with the component as well as a 3D structure of dental pulp, and these components were involved with regulating the dental pulp matrix and avoiding disordered mineralization. 27 The ECM structure contributed to the maintenance of stem cell populations 28 through lower expression of differentiation markers, playing an important part in cell proliferation, survival 29 and stemness preservation. 30 In this study, DPM-based culture made up for the absence of the DPSC niche in vitro. DPSCs possess the capacity for selfrenewal and multi-lineage differentiation. 31 Without a native niche, however, DPSCs show great osteogenic differentiation potential in regard to expansion in vitro, 32 which may result in failure outcomes in tissue repair.
The regular culture surface is mainly based on polystyrene, whose solid and sound surface characteristics may not be able to imitate the natural milieu well; this could lead to changes in cell behaviour and loss of stemness. 9 The proliferation and osteogenic differentiation of DPSCs are sensitive to their extrinsic factors and remolded when the extrinsic factors change. 33 This phenomenon highlights the necessity of a proper micro-environment for dental pulp regeneration. 4 During the culture on the DPM, both the enhanced proliferation rate and suppressed mineralization marker expression indicated that DPSCs maintained their stemness. 34, 35 The collagens, fibronectin, laminin and biglycan among the DPM activated the integrins of DPSCs. Binding of ECM and cell surface integrin receptors can induce early signalling cascades and gene expression of passage through the G 1 /S transition. 36 Dental pulp is sensitive to the environmental stimuli, and natural dental pulp ECM enables preservation from mineralization. Under physiological conditions, dental pulp is the process of dentin formation throughout an animal's lifetime. Immunostaining and in situ hybridization showed DSP, DPP and DMP1 are mostly expressed in the odontoblast layer and dentin matrix but not in the dental pulp tissue. 15 Due to the absence of these proteins, natural dental pulp is unable to mineralize under physiological conditions. When dental pulp is injured or encounters capping material, the local ECM and molecules change.
The DPSCs react as reparative dentin, a dentin bridge, and even develop into calcification, leading to closure of the dental pulp rather than repairing the original soft connective tissue. Thus, a proper ECM niche should be established through dental pulp therapy.
The ECM has potential bioactive agents for inducing DPSC reaction, which affects repair and regeneration in dental pulp tissue.
Involvement of DPM and DPSCs were further investigated by histological staining in vivo. The results demonstrated that the DPM had an effect on the structural integrity of the regenerated dental pulp ECM.
Compared to the DPM-grafted group, the condensed connective tissue matrix appeared, and thick fibre bundles in the ECM aggregated in the single DPSCs grafted group, which showed there was similarity as tissue age advanced. During cultivation with DPM, the regenerated dental pulp had ordered fibril arrangement in the pre-dentin area and uniform dental pulp matrix. The results indicated that ECM had an effect on structural integrity of later regenerated dental pulp matrix, 37 and ECM proteins that resided among the matrix became involved with collagen fibril organization and maintaining the integrity of the dental pulp tissue. Collagens, as the majority of protein found in dental pulp ECM, are also a major component of dentin and other mineralization tissue. For natural dental pulp, large intercellular spaces contain type I collagen (56%), 4 and the dentin predominantly contains type I collagen. The breaking balance of ECM collagen fibril bundles potentially brought about the matrix mineralization. 38 It was reported that disordered ECM participated in the formation of pulp stones and diffuse calcification. 39 Therefore, collagen fibrils should be well organized, and disorganization should be prevented in the dental pulp tissue. 40 ECM components regulated structural homeostasis integrity of connective tissue in dental pulp regeneration. 41 Therefore, the maintenance of healthy dental pulp matrix rather than the promotion of mineralization of seeded cells is a more crucial question to be addressed in regenerative dental pulp.
Compared to traditional decellularized material, microstructures, such as lymph tubes and small blood vessels, could only be found in decellularized dental pulp tissue. 42 The polarized distribution of DPEM has a distinction from the cell-derived ECM. However, the absence of these microstructures did not affect implantation of the cells at the initiation and later structural reconstruction. This research also highlighted through dental pulp regeneration that the ECM component proteins rather than the polarized decellularized structure are more important.
There are also some limitations to this study. Through in vitro evaluation, the DPM group showed different mineralization markers that In summary, an ECM-based substrate provides the niche that supports the balance between the replication and mineralization behaviours of DPSCs. DPM provides an advantageous environment for the DPSCs to preserve themselves before the implantation, and ECM plays an essential part in reconstructing the dental pulp tissue.
This ECM-based system will also be useful for studying the dental pulp scaffold or an ECM-based capping material, and the DPM can be wrapped around synthesized material to provide a milieu for the cells.
